According to the Oppel-Kundt illusion, a filled space appears larger than an empty one. In the present research we studied how textural characteristics affect the perceived size of two-dimensional patterns. We investigated the perceived extension of square textures by manipulating spatial frequency and filling microelements' numerosity. Subjects compared the test stimuli with a uniform gray square varied in size and performed the task both with the adjustment and the constant stimuli methods. An illusory increment of area extension was generally found with textured stimuli. The illusory effect increased with spatial frequency and decreased with the microelements' number, indicating an independent processing of these two basic properties. Moreover, the smaller effect found when spatial frequency extraction became harder, confirmed that the illusion involves spatial frequency processing. Finally, the reduced overestimation of areas observed with a weaker subparts' articulation confirmed the relevance of clear distinguishable micropatterns at the basis of the phenomenon. Those results demonstrate the influence of textural statistical properties on perceiving the size of a visual object.
Introduction
Visual images are identified by means of textural labels. A texture can be defined in terms of structural and statistical characteristics that determine surface appearance (Landy & Graham, 2004) . Statistical properties of a texture region are effortlessly processed by the visual system (Baker & Mareschal, 2001; Julesz, 1962 Julesz, , 1965 Julesz, Gilbert, & Victor, 1978; Parkes, Lund, Angelucci, Solomon, & Morgan, 2001; Purpura, Victor, & Katz, 1994; Victor, Chubb, & Conte, 2005) and affect segmentation (Bergen & Adelson, 1988; Caelli, 1985; Giora & Casco, 2007; Grossberg & Mingolla, 1985; Malik & Perona, 1990; Wilson, 1993; Wolfson & Landy, 1998) . Properties like surface granularity or grain provide information about the material characteristics of a visual object (Adelson & Bergen, 1991; Zhang & Tan, 2002) and an observer could take them into account to gauge its size and distance (Gibson, 1950) .
Phenomenological observations have pointed out that the subparts' articulation of a space affects its perceived size (for a review: Vicario, 2008) . Oppel (1855) reported that the division in subparts of a stripe influenced the perception of its extent. Kundt (1863) investigated how the length of a divided segment was overestimated. Hering (1861) , Delboeuf (1865) , and Ebbinghaus (1908) called ''effect of partition" a similar enlargement occurring in a segment divided by a number of lines. Although Lotze (1852) already observed in a seminal work that filled intervals are seen wider than empty ones, the phenomenon of perceiving a filled space as larger is currently referred to as the ''Oppel-Kundt illusion" (Westheimer, 2008) . That phenomenon is affected by the filling lines' number. The Oppel-Kundt illusion has been recently investigated in three-dimensional space (Derę gowski & McGeorge, 2006) and an analogous illusory effect has been found also in dynamic touch for a haptic filled space (Sanders & Kappers, 2009 ).
In the Oppel-Kundt illusion, distance appears to expand only orthogonal to lines orientation. Similarly, Helmholtz (1867) reported that lines, entirely filling a square, perceptually enlarge its width, through the dimension perpendicular to lines orientation. Therefore, both the Oppel-Kundt illusion and Helmholtz' squares effects are mainly the result of the perceptual distortion of an area throughout one dimension, i.e. the same enlargement that makes Helmholtz' squares appear as rectangles.
Although a perceived area enlarges when divided in subparts, that perceived expansion does not depend proportionally on the elements' number. In the Oppel-Kundt illusion an extent perceptually enlarged as function of the filling lines only up to a critical number; after that, the perceived size gradually decreased (Coren & Girgus, 1978) . Similarly, Botti (1906) showed that filling a rectangular area with lines densely arranged reduces the effect of illusory expansion. More recently, Verrillo and Graeff (1970) have shown that a surface containing a random distribution of small circles, squares and triangles looked somewhat larger than a uniform one. These authors claimed that only the mixture of large and small compositional elements and the increment of surface complexity increased its estimated area. Testing square stimuli filled 0042-6989/$ -see front matter Ó 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2010.08.033 by dots, Bazzeo and Zanuttini (1978) reported that areas perceptually expanded when dots' diameter increase and their number diminishes. Considering the phenomenon of filled surfaces dilatation as related to textural appearance, these authors have argued that surfaces expansion was larger with coarser textures.
Because textural appearance can be considered in terms of space subparts' articulation, we study how textural properties are involved into perceptual areas estimation. In particular, we will consider the filled area phenomenon as related to a surface grain and therefore to textural statistics. To quantitatively investigate how filling an area affects its perceived size, we manipulate basic textural properties as spatial frequency, microelements' number and their arrangement, either in checkboard or random order. Differently from the investigations previously considered, those variables will be independently taken into account. Fig. 1 . In panels a and b representative stimuli used in Expt. 1 are depicted: textures with constant size, composed by 2 Â 2, 4 Â 4, 8 Â 8, 16 Â 16, 32 Â 32 subparts, with fundamental spatial frequency respectively of 0.1, 0.2, 0.4, 0.8, 1.6 cycles/deg, articulated either as a 'checkboard' (panel a) or in 'random' (panel b) arrangement. In panel c a trial from an experimental session is represented. For each session, a test stimulus (filled square) had to be compared with a control stimulus (uniform gray square). Note that stimuli where shown on a blue isoluminant background, in figure conventionally represented as gray. Aggregate (panel d) and individual (panel e) data of Expt. 1 are shown. The percentage of perceived increment of area is plotted as a function of textural subparts. Solid lines represent curves for checkboards, while dashed for random patterns. Error bars indicate standard-errors.
Experiments

Experiment 1
In Expt. 1 we studied how the articulation in subparts of an area affects its perceived size. Keeping fixed the same test stimulus size, textures were filled with a variable number of microelements.
2.1.1. Methods 2.1.1.1. Subjects. Three subjects (mean age = 29 years; SD = 5.8), naïve to the purpose of all experiments, participated in the study. They had normal or corrected to normal visual acuity.
2.1.1.2. Stimuli. The stimuli were square figures entirely filled by microstructural square elements (Fig. 1, panels a and b) . To reduce possible three-dimensional effects casually occurring in textures filled by microelements -as figure-ground stratification -no overlapping between micropatterns was present. Consequently, illusory shrinkage or expansion resulting from amodal completion (for a review: Vezzani, 1999) , were minimized.
Mean luminance (69.5 cd/m2) was fixed for both test and control stimuli throughout all experiments. Control stimuli consisted in uniform gray squares. All test stimuli subparts were filled by achromatic colors, chosen within a three equidistant levels gray scale, from white to black (i.e.: 3, 69.5, 136 cd/m 2 ). Considering the low activation of perceptual and attentional cortical areas for blue colored stimuli (Yoto, Katsuura, Iwanaga, & Shimomura, 2007) , a blue background with a luminance of 69.5 cd/m 2 was adopted. Test stimuli size was 9.6 Â 9.6 deg. The subparts' number filling the square, and therefore its fundamental spatial frequency, were manipulated. Textures resulted composed by 2 Â 2, 4 Â 4, 8 Â 8, 16 Â 16, 32 Â 32 square micropatterns, with a fundamental spatial frequency respectively of 0.1, 0.2, 0.4, 0.8, 1.6 cycles/deg (Fig. 1, panels a and b) . Micropatterns were arranged either as in a 'checkboard' (Fig. 1, panel a) or in 'random' (Fig. 1, panel b) order. 2.1.1.3. Procedure. The stimuli were presented in a dark room, at 57 cm from the screen, a Sony Trinitron Color E100P. A chin rest was used to stabilize the head; fixation was binocular.
In each trial, test stimuli were presented paired with a uniform gray square (the control stimulus). Spatial position of the two patterns were randomized inside either the left or right half part of the screen. To reduce evaluation biases, stimuli were presented using a set of constraints to avoid alignment of the squares corners and figures overlap (Fig. 1, panel c) . Subjects' task was to adjust the control stimulus to match the size of the test stimulus. Subjects were clearly instructed to gauge the square areas considering both their dimensions. Stimuli were observed in free vision, without time constraints.
For each session, the control gray square size incremented or decremented inside a range of ±5% with respect to the test stimuli area. Eleven ordered equal steps, each of ±1% were employed. To avoid effects of order presentation, the series directions were randomized. Checkboard patterns were repeated eight times. To minimize the possible biases resulting in accidental subparts' articulation, random patterns were presented 40 times. Experimental sessions order was randomized.
Results
Results are shown in Fig. 1 , for the aggregate (panel d) and individual (panel e) data. An illusory area increment was always found when squares were filled by subparts. The size increment in the aggregate data reached the highest value of 4.6% with the 8 Â 8 checkboard pattern. Repeated measures ANOVA showed an effect of the filling microelements' number in perceiving areas (F(4, 92) = 83.01; p < .001). However, the expansion proportionally increased with subparts' number and spatial frequency up to the 8 Â 8 pattern, when the trend inverted. Checkboards presented a higher illusory effect than random patterns (F (1, 23) = 28.71; p < .001).
Partial correlations between fundamental spatial frequency and perceived size, corrected for microelements' number (R (717) = .53; p < .001), and between number of microelements and perceived size, corrected for fundamental spatial frequency (R (717) = À.52; p < .001), indicated that the perceived expansion increased with spatial frequency and decreased with subparts' numerosity.
Discussion
The effect of filling squares by microelements showed a typical inverted U curve. Partial correlations indicated that both spatial frequency and number of microelements significantly affect size perception. Increasing the fundamental spatial frequency enhances the illusory effect (positive correlation), whereas increasing the microelements' number reduces the area overestimation (negative correlation). In the first part of the curve it seems that the spatial frequency plays a major role and the illusion increases despite the microelements' increment. In the second part of the curve microelements' numerosity seems instead to prevail against spatial frequency. Thus, the illusory effect decreases, even if it does not disappear. The larger effect in checkboards, characterized by an ordered distribution of black and white subparts, suggests that the texture arrangement (checkboard vs. random) critically affects the illusion.
Experiment 2
In the stimuli used in Expt. 1 micropatterns filling the squares could be white, gray or black. According to the so called effect of ''irradiation" (Helmholtz, 1867; Metzger, 1975) , bright objects on a dark background appear bigger. One can argue that the illusory expansion observed in textured squares can be trivially explainable because of the white subparts.
In Expt. 2 we tested whether the presence of white microelements affected the illusory area expansion. We compared the 8 Â 8 stimuli of Expt. 1 with identical patterns, reduced in luminance contrast and, consequently, with no white subpart (Fig. 2 2.2.1.3. Procedure. The procedure was the same as used in Expt. 1.
Results
Results are shown in Fig. 2 , for the aggregate (panel b) and individual (panel c) data. An illusory area increment was always found with textured stimuli. No significant difference was found when the white subparts were eliminated from the patterns (F (1, 23) = 2.300; p = .143). However, as in Expt. 1, a greater illusory effect for checkboards than random textures was observed (F (1, 23) = 10.340; p = .004).
Discussion
These data rule out the irradiation effect as explanation for the increased perceived area in Expt. 1. Interestingly, contrast variations would also not affect the perception of elements' density (Durgin, 2001) , which measures the number of textural elements per unit of area (Durgin, 1995; Durgin & Huk, 1997; Durgin & Proffitt, 1996) .
However, some decrement of the illusory filled-area expansion would be expected with drastically reduced luminance contrast. In fact, a low contrast between subparts should lead to less segmentation of them.
Experiment 3
In Expt. 1 both fundamental spatial frequency and the number of subparts covaried. To isolate the effect of those two variables, we manipulated them independently. Furthermore, to test the effect of micropatterns' discreteness, a new set of stimuli composed by filtered square elements was employed.
2.3.1. Methods 2.3.1.1. Subjects. The same three subjects of Expts. 1 and 2 participated in this study.
2.3.1.2. Stimuli. Three sets of stimuli were adopted. The first group of stimuli aimed to verify the influence of fundamental spatial frequency on the illusory area enlargement. The stimuli were arranged either in checkboard or random order. Three values of fundamental spatial frequency were used: 0.4 1 , 0.8 and 1.6 cycles/ deg, while the 8 Â 8 filling microelements' number was kept constant. Consequently, texture size resulted respectively of 9.6 Â 9.6, 4.8 Â 4.8 and 2.4 Â 2.4 deg (Fig. 3 , panel a).
The second group of stimuli tested the effect of subparts' numerosity. Textures with 8 Â 8, 16 Â 16 and 32 Â 32 micropatterns were employed. In those patterns, the fundamental spatial frequency was kept constant at 1.6 cycles/deg (i.e. the highest value used in the previous group of stimuli), together with textural density. Texture size resulted respectively of 2.4 Â 2.4, 4.8 Â 4.8 and 9.6 Â 9.6 deg ( Fig. 3, panel b) . The third group verified the influence of discreteness. Although all the previous stimuli were clearly bounded by sharp edges, their subparts were not really discrete: the microelements lay adjacently, sharing their boundaries. To obtain a new type of stimulus each square microelement of the 8 Â 8, 0.4 cycles/deg checkboard, was filtered by a Gaussian low frequency pass filter (radius 2.67 mm). The result consisted in discrete circular patches with blurred boundaries, surrounded by a gray background (69.5 cd/m 2 ) (Fig. 3, panel c, top) . This stimulus retains the same number of elements, fundamental spatial frequency and size/spatial structure information of the checkboard. It is important to note that the usage of discrete patches surrounded by uniform background produces a figure-ground stratification that was instead minimized in all the other employed stimuli.
Furthermore, in both checkboards and random patterns, microsquares were inserted into a regular rigid grid. To control for effects of pattern regularity, which facilitates spatial frequency extraction and is also known to affect perceived numerosity (Allik & Tuulmets, 1991) , we jittered the spatial position of the discrete patches. Consequently, elements' alignment was disrupted, while keeping constant their spatial frequency and numerosity (Fig. 3,  panel c, bottom) .
2.3.1.3. Procedure. We used the method of constant stimuli. The control stimulus was compared in size with the textured stimulus and subjects reported which square appeared larger. The difference in control stimuli size ranged from À3% to 9% (i.e. 13 equal steps of 1%), with respect to the textured stimuli. The experimental setting was the same described for Expt. 1. The 14 categories of stimuli represented in Fig. 3 were matched 4 times with the 13 control stimulus size steps, resulting in a total of 624 trials.
Results
Individual data were fitted 2 by a logistic function. The upper bound was set to 1 and the lower bound to y 0 = 0, where y = 0 means that the control was never perceived larger than the test stimulus, and y = 1 that it was always perceived larger. Thus the only free parameters of the function are b (the function slope) and t (the threshold). The resulting logistic function, already used by Gori and Spillmann (2010) , is:
In this equation, x represents the percentage of size increment of the control stimulus, y the relative response frequency and e the Euler's number.
Individual thresholds for the three subjects are depicted in Fig. 4 , namely spatial frequency (top row), numerosity (middle row) and regularity-discreteness (bottom row). The means of individual thresholds are plotted in Fig. 5 .
An illusory area increment was always found when squares were filled by subparts. The size increment calculated for mean threshold reached the highest value of 6.96% with the 8 Â 8, 1.6 cy- Fig. 3 . Representative stimuli used in Expt. 3. In panel a: checkboards and random textures with the same number of filling micropatterns, which was kept constantly equal to 8 Â 8, with fundamental spatial frequency of 0.4, 0.8 and 1.6 cycles/deg, and size respectively of 9.6 Â 9.6, 4.8 Â 4.8 and 2.4 Â 2.4 deg. In b: checkboards and random textures with the same spatial frequency of 1.6 cycles/deg and filled by 32 Â 32, 16 Â 16 and 8 Â 8 micropatterns, whose size respectively was 9.6 Â 9.6, 4.8 Â 4.8 and 2.4 Â 2.4 deg. In c: textures composed by ordered (top) and jittered discrete patches (bottom). cles/deg checkboard pattern. Repeated measures ANOVAs were separately applied to compare results of patterns belonging to the three investigated variables (spatial frequency, numerosity and regularity-discreteness). First, spatial frequency variation was taken into account. By comparing thresholds for the first set of stimuli (Fig. 3a) we found that the illusory effect increased with fundamental spatial frequency (F (2, 4) = 22.62; p = .007). As in Expts. 1 and 2, checkboards presented a larger perceived area than random patterns, although non significant (F (1, 2) = 15.02; p = .061).
Second, numerosity variation was considered. By comparing thresholds for the second set of stimuli (Fig. 3b) , we found that the perceptual area enlargement decreased with microelements' numerosity (F (2, 4) = 24.06; p = .006). As in Expts. 1 and 2, checkboards presented a larger perceived area than random patterns (F (1, 2) = 26.85; p = .035).
Third, regularity and discreteness variation were analyzed. By comparing thresholds for the third set of stimuli (Fig. 3c) , we found that the illusory effect was larger for checkboards, intermediate for the regular discrete patches patterns and lower for the jittered discrete patches stimuli (F (1, 2) = 21.14; p = .044). Moreover, a decrement of the illusion was found with textures filled by discrete patches in comparison with textures filled by adjacent, sharp-bordered microstructures. Finally, ordered patterns (checkboards and textures composed by ordered discrete patches) produced a larger area expansion than unordered patterns (random and textures composed by jittered discrete patches) (F (1, 2) = 19.78; p = .047).
Discussion
Expt. 3 confirms that the illusory enlargement depends on spatial frequency, as indicated in Expt. 1. Whereas increasing the fundamental spatial frequency over 0.8 cycles/deg reduced the illusory effect in Expt. 1, over that value, in Expt. 3 -without varying the microelements' number -the effect still incremented together with fundamental spatial frequency. In Expt. 3 size covaries negatively with spatial frequency. However, Expt. 1 suggested that size did not play a crucial role in the illusion.
These results could shed some light about why the checkboard patterns always provided a higher illusory effect. Fundamental spatial frequency extraction would be, indeed, easier in checkboards than in random patterns, where the microelements arrangement is less organized. These data agree with the idea of a visual system working as a ''spatial frequency analyzer" (Maffei & Fiorentini, 1973) and support the hypothesis that geometrical optical illusions of extent can be understood in terms of spatial filtering processes (Bulatov, Bertulis, & Mickiene, 1997) .
It is important to note that the ratio between the square size and the subparts' size was kept constant in Expt. 3, while the scale varied. The result of a larger effect with higher spatial frequency could be interpreted also as caused by the scale rather than spatial frequency itself. Murray, Schrater, and Kersten (2004) reported, indeed, that the cortical scaling of an object size is affected by its perceived distance based on local 2D structure. However, Expt. 1, where spatial frequency varied independently of the scale, strongly supports an interpretation based on spatial frequency. Fig. 4 . The individual thresholds of the three subjects, calculated as percentage of perceived size increment, are plotted as a function of spatial frequency (top row) and micropatterns' number (middle row). For those panels, solid lines represent curves for checkboards, while dashed lines indicate random patterns. In the bottom row, thresholds are plotted as a function of microelements' order: ordered (checkboards and patterns composed by ordered discrete patches) vs. not ordered (random patterns and stimuli composed by jittered discrete patches). A solid line is used for patterns filled by adjacent and not discrete microelements, while a dashed line is for patterns filled by discrete microelements.
The loss of sharp boundaries in textures filled by discrete patches can be involved in the reduced illusory enlargement. However, the presence of circular discrete patches instead of adjacent square microelements sharing the boundaries ownership, should be also considered. In the discrete patches patterns, the elements are perceived as surrounded by a gray background, involving dynamics of figure-ground stratification and amodal completion. On the contrary, in the other stimuli the subparts entirely fill the textured area, minimizing the stratification. Finally, the decrement of the illusion for patterns composed by jittered discrete elements, where regularity was lost, is consistent with sensitivity to spatial frequency extraction.
Expt. 3 confirms that the illusory enlargement is inversely proportional to the microelements' number, as indicated in Expt. 1. Although size covaries positively with numerosity, Expt. 1 suggested that square size variation should not be crucial for the illusion. These results seem consistent with the recent finding that numerosity is a basic property early processed by the visual system (Burr & Ross, 2008) .
To summarize, results of Expt. 3 indicate that spatial frequency and microelements' numerosity are two basic variables competing in the filled area phenomenon.
Experiment 4
In the previous experiments random and checkboard patterns were compared. Both were filled by easily distinguishable micropatterns, delimited by sharp boundaries. However, because the microelements' spatial distribution in the random stimuli differed from the checkboards, their power spectra also varied widely. In this experiment we used a new class of patterns, equal to checkboards in power spectrum, but randomized in phase of spatial frequency components. The result was a set of stimuli textured by microelements no more easy to distinguish and appearing qualitatively different from the checkboards.
Moreover, in Expt. 1 we adopted the adjustment method providing a direct measurement of the phenomenon. Although that method reduces variability it does not guarantee the measurements independence. In Expt. 4 we tested newly the effect of spatial frequency, numerosity and texture arrangement on the filled space illusion by adopting the constant stimuli method.
Furthermore, in Expt. 3 size covaried negatively with spatial frequency. In the present experiment, we investigated the effect of spatial frequency maintaining constant the stimulus size and numerosity, by using 8 Â 8 checkboard stimuli filtered either by a lowor a high-pass spatial frequencies filter (i.e. either blurring the stimulus or reducing it to its grid structure). The relevance of specific portions of the power spectrum could be therefore checked by the two filtered patterns. Additionally, in the low-pass filtered patterns we could test the effect of elements' blurred boundaries, independently of their discreteness, as occurred with filtered patches textures of Expt. 3.
2.4.1. Methods 2.4.1.1. Subjects. The same three subjects of the previous experiments participated in this study.
2.4.1.2. Stimuli. Only stimuli with numerosity of 2 Â 2, 8 Â 8 and 32 Â 32 were used. In addition to the checkboard patterns previ- ously employed (Fig. 6, panel a) , we introduced three new classes of stimuli: (1) Random phase stimuli (Fig. 6, panel d) : the checkboards 2 Â 2, 8 Â 8 and 32 Â 32 were fast Fourier transformed, their power spectra was computed, the phases of the sinusoidal components waves were randomized and finally the inverted fast Fourier transformation was applied. The result was a series of stimuli with different structure and appearance from the original checkboards but with the same power spectrum and mean luminance. (2) Low-pass filtered stimuli (Fig. 6, panel b) : to the 8 Â 8 checkboards a Gaussian low-pass spatial frequencies filter (radius 2.67 mm) was applied to all the texture. The result were blurred checkboards where numerosity, size and mean luminance were kept equal to the original stimulus but all the high spatial frequencies were filtered out, while low spatial frequencies were retained. Differently from the discrete patches textures of Expt. 3, filtering all texture resulted in non-discrete microelements. (3) High-pass filtered stimuli (Fig. 6, panel c) : to the 8 Â 8 checkboards a highpass spatial frequencies filter (radius 0.39 mm) was applied to all the texture. The result was a grid losing the light-dark alternation (typical of the checkboard) and where numerosity, size and mean luminance were kept equal to the original stimulus but the low spatial frequencies were drastically reduced, retaining instead the high spatial frequencies. Control stimuli were identical to those used in Expt. 3.
2.4.1.3. Procedure. The procedure was the same used in Expt. 3. The eight categories of stimuli represented in Fig. 6 were matched eight times with the 13 control stimulus size steps, resulting in a total of 832 trials.
Results
As in the previous experiment, individual data were fitted 3 with the logistic function described in Section 2.3.2. Individual thresholds for the three subjects and the means of thresholds are plotted in Figs. 7 and 8, respectively. In the checkboards, the illusory effect was larger for 8 Â 8 (reaching the value of 5.8%), intermediate for 32 Â 32 and lower for 2 Â 2 patterns (repeated measures ANOVA: F (2, 4) = 12.49; p = .019), while no statistical difference was found for subparts' number in the random phase stimuli (repeated measures ANOVA: F (2, 4) = 3.56; p = .129). The perceived enlargement was larger for checkboards than for random phase stimuli (t (8) = 4.11; p = .003), regardless numerosity. Considering the four 8 Â 8 conditions, thresholds resulted higher for checkboards, intermediate for the high-and low-pass stimuli, and lower for random phase stimuli (repeated measures ANOVA: F (3, 6) = 10.302; p = .009).
Discussion
The constant stimuli experiment confirmed the inverted U shape curve of Expt. 1. In the checkboards the higher illusory effect was found for the 8 Â 8 patterns. In the random phase stimuli the numerosity did not significantly affect the illusion, reasonably because of the loss of clear distinguishable subparts. The phase randomization produced a reduction of the perceived enlargement compared to checkboards, thus confirming the crucial role that distinguishable subparts play in this phenomenon. Moreover, fundamental spatial frequency extraction would be easier in checkboards than in random phase patterns, where the microelements arrangement is almost absent. This confirms the results obtained in the previous experiments also while keeping constant the power spectrum. The 32 Â 32 patterns, characterized by high fundamental spatial frequency, represent an interesting exception where the subparts' articulation persists regardless phase randomization. The larger effect, although not significant, found for the 32 Â 32 patterns could be explained by this peculiarity.
Both the high-and low-pass stimuli resulted in an intermediate effect between checkboards and random phase patterns. The reduced effect of perceived enlargement for blurred patterns agrees with the decreased illusory expansion observed in Expt. 3 for textures composed by discrete and not sharp bordered patches. Nonetheless, the exclusion of high or low spatial frequencies without changing numerosity, size and discreteness, highlights the relevance of the full power spectrum. In both cases, the reduction of the illusory enlargement can be related also to the weaker subparts' articulation. Both the physical absence of light-dark alternation, obtained by a high-pass filter, and the presence of blurred boundaries, due to the application of a low-pass filter, would weaken the clear microstructures' articulation that characterizes the checkboards. It is important to note that even if the luminance of the square elements of the high-pass filtered stimuli were all equal, the luminance alternation of the borders created an illusory light-dark alternation of the square elements due to the simultaneous contrast (Helmholtz, 1867; Hering, 1878) . Nonetheless, the illusory alternation was substantially weaker than the physical one presented in the checkboards. Finally, both the low-and high-pass stimuli present a more organized structure than the random phase patterns, which can be held responsible for their relative larger effect.
General discussion
According to the Oppel-Kundt effect, all experiments have confirmed that an area filled by distinguishable subparts is perceived larger than a uniform area. Specific textural properties resulted to be at the basis of the filled area effect. Results of Expt. 1, confirmed by Expts. 3 and 4, have demonstrated that the illusory enlargement increased with fundamental spatial frequency and decreased with microelements' number. Expt. 2 ruled out that the illusory effect would depend on the irradiation phenomenon.
Overall, a larger perceptual expansion was consistently found with checkboards, characterized by clearly bounded microelements and regular articulation. Checkboards, filled by 8 Â 8 microelements and with spatial frequency of 1.6 cycles/deg, reached the highest illusory enlargement value of 6.96%.
A reduced illusory effect was observed in patterns with microelements noisily arranged (random stimuli of Expts. 1-3, jittered discrete patches patterns of Expt. 3 and random phase patterns of Expt. 4), and with hardly distinguishable subparts, regardless of power spectrum variations (random phase stimuli of Expt. 4). A decrement of the illusion was also present when low or high spatial frequencies were filtered out from the stimuli, in Expt. 4.
The finding that a filled area increased more with bigger and sparse filling elements led Bazzeo and Zanuttini (1978) to claim that textured surfaces expand in function of their coarseness. In our experiments, we manipulated statistical characteristics resulting in surface grain to investigate how textural appearance affects the perception of an object's size. Thus, the independent variables were quantitatively defined on the basis of textural statistics.
Moreover, spatial frequency and subparts' number were separately tested. We confirmed that the illusory enlargement was inversely proportional to the filling microelements' number. In opposition to the idea that a coarse texture produces larger perceptual area expansion, we found that the illusory effect increased with spatial frequency. The magnification of the effect, proportional to spatial frequency, would agree with the observation that in natural scenes objects characterized by fine grain are commonly perceived bigger because they are supposed to be farther: the finer the density the greater the distance (Gibson, 1950) .
The largest effect occurring in checkboards is coherent with a stimulus analysis, sensitive to spatial frequency (Maffei & Fiorentini, 1973) . The extraction of the fundamental spatial frequency would be in fact easier in textures with subparts orderly arranged. Visual analysis can be thought of in terms of processing images statistics (Field, 1999) . Accordingly, a visual image would be early represented by the activity of separate frequency-tuned channels (Brady, 1997) . Seminal investigations demonstrated the existence of neurons selectively sensitive to spatial frequency in cat (Maffei & Fiorentini, 1973; Maffei & Fiorentini, 1977) , in macaque monkeys' visual cortex (DeValois, Albrecht, & Thorell, 1982) , and in human visual system (Blakemore & Campbell, 1969; Campbell & Robson, 1968) . Several researches claim for a stage of multi-resolution filtering in early visual processing (Georgeson, 1980) . It is therefore reasonable to assume that spatial frequency is a textural property that critically affects the perceived filled area enlargement. Moreover, our result of a larger effect for the higher spatial frequency (1.6 cycles/deg) could be understood in terms of human sensitivity to sinusoidal modulations in luminance, showing a classic inverted U shape, which peaks at approximately 2-4 cycles/deg (Bex & Makous, 2002; Campbell & Robson, 1968) .
Even if there is strong evidence of spatial frequency as a basic property processed early by visual system (Georgeson, 1980) , sensitivity to numerosity is still controversial. Burr and Ross (2008) have recently claimed that numerosity is a basic sensory attribute analyzed by the visual system, although these results can be interpreted as a consequence of texture density (Durgin, 2008) . Ross and Burr (2010) stressed that to disentangle numerosity from textural properties is difficult, but they offered further evidence that this attribute is processed independently of texture density. Moreover, recent investigations in monkeys provided a plausible neurophysiological substrate for sensing numerosity (Nieder, 2005; Roitman, Brannon, & Platt, 2007) . Also fMRI and psychophysical studies indicate the existence of neurons tuned to number in humans (Dehaene, Spelke, Pinel, Stanescu, & Tsivkin, 1999; Piazza, Mechelli, Price, & Butterworth, 2006; Piazza, Pinel, Le Bihan, & Dehaene, 2007) .
Finally, it is important to note that the reduction of the illusory effect when increasing subparts' numerosity can be understood if one considers the textural appearance of a pattern densely filled by a great number of microelements. One can also argue that with the increase of subparts, the luminance variance inside a textured pattern would decrease and the articulation in subparts becomes weaker. Accordingly, patterns filled by subparts densely arranged, as Botti's (1906) rectangles, appear closer to be uniformly articulated and then the effect of filled area is reduced. A similar explanation is consistent with the reduction of illusory enlargement for textures that lose a clear articulation in subparts, as found for the random phase and the low-and high-pass filtered patterns.
In conclusion, this research shows how textural characteristics are responsible for the illusory enlargement of an area articulated in subparts. Basic statistical properties, early processed by the visual system, like spatial frequency and number of microelements, critically affect size overestimation. The reduced perceptual area enlargement observed with a weaker subparts' articulation, confirmed the relevance of clear distinguishable micropatterns at the basis of the phenomenon. These results agree with the idea that gauging the size of visual images is crucially affected by their textural appearance.
